The MASONW (MACRO + SOILN + Watershed) model describing nitrogen leaching in watersheds was developed and tested. The model is based on the MACRO and SOILN models. The dual-porosity model MACRO simulates water flow on the field scale. The SOILN model describes turnover and leaching of nitrogen. Two main features of a watershed have been added into these two models: (a) the existence of a river system, and (b) variable thickness of the aeration zone within a watershed. Good agreement between the output of the MASONW model and observed data for water discharge and nitrate concentrations were achieved in the Odense watershed (496 km 2 ) in Denmark.
INTRODUCTION
Elevated nitrate concentrations in surface and ground waters continue to be a matter of concern throughout the developed world (e.g. Burt et al., 1993; Worrall &Burt., 1999) . High nitrate content can degrade surface water quality by promoting eutrophication. The river water in agricultural areas often contains high nitrate amounts due to anthropogenic sources such as manure and fertilizers used on arable land, feedlots, and dairy and poultry farming. In many countries, non-point source pollution from agriculture represents the major source of nitrate pollution (Pfenning & McMahon, 1996) . Therefore there is a need to understand and predict the influence of agricultural practices on nitrogen export from catchments. Modelling is a cost-effective means of determining the impact of management alternatives on river water quality. Many comprehensive models have been developed for use at the small scale (field, patch); however, there is a need for models applicable to the medium watershed scale. Usually the modelling of nitrogen leaching includes two main tasks. The first is the modelling of water fluxes, because water is a carrier of nitrogen. The second task is the modelling of the nitrogen fate.
For a review of available watershed models for water flow the reader is referred to Singh (1988) . The use of three-dimensional models (e.g. Abbot et al., 1986) based on fundamental equations of the conservation of mass and energy at larger scales can become limiting due to their over-parameterization and the lack of available data (Bouraoui et al., 1997) . On the other hand, most conceptual hydrological models cannot provide the data needed to calculate the nitrogen transformations in soils, and it is difficult to couple them with the existing nitrogen-leaching models. Furthermore, some researchers show that the mobile-immobile water concept, or a division of the soil pore space into slow and fast flowing regions can improve the results of nitrogen modelling (Addiscott et al., 1992; Larsson & Jarvis, 1999) . The soil macropores (e.g. the root and worm holes, the structural shrinkage cracks) allow rapid non-equilibrium fluxes of water in soil (Beven & German, 1982) , and consequently influence the leaching of nitrogen. Larsson & Jarvis (1999) showed that such influence might be quite significant. Hydrological models developed for watersheds usually ignore the non-equilibrium water movement. Jarvis (1994) describes a model of water and solute transport that takes into account the non-equilibrium fluxes of water in soils with macropores. This model has been elaborated for use on the field scale and it is coupled with the nitrogen turnover and leaching model SOILN (Johnsson et al., 1987) . The objective of this study was to apply and test a model for the watershed scale-the MASONW (MACRO + SOILN + Watershed)-based on the MACRO and SOILN models developed for the field scale.
METHODOLOGY
The models MACRO (Jarvis, 1994) and SOILN (Johnsson et al., 1987) are onedimensional mechanistic models developed for use in small homogeneous areas at the field or plot scale. In both models, the soil profile is divided into homogeneous layers characterized by their physical and biological properties. The models are used in series such that the results from the MACRO model (e.g. soil moisture content, water flows between layers, and soil temperature) are used as input data for the SOILN model. The driving input data for the MACRO model include daily meteorological information: precipitation, air temperature, wind speed, vapour pressure and solar radiation.
The soil profile in the MACRO model is divided into two separate but interacting pore regions, the macropores and micropores, each characterized by the conductivity, vertical flow rate and degree of saturation. In the micropores, the water flow between the layers is described by the Richards equation, the soil water release characteristics by the Brooks & Corey (1964) equation, and the hydraulic conductivity by the Mualem (1976) model equation. In the macropores, the water flow is described as a gravity driven process similar to the kinematic wave equation (Germann, 1985) . The lateral water exchange between macro-and micropores is represented by an approximate solution of a reduced form of the Richards equation that ignores the effect of gravity (Jarvis, 1994) . The MACRO model includes a full description of the water balance including interception, evaporation, transpiration, water flow to tile drains and groundwater, root uptake, snow accumulation and snowmelt.
The SOILN model deals with the major processes considering input, transformation and output of nitrogen. The nitrogen is divided into two inorganic nitrogen pools in the form of NO 3 -and NH 4 + , and three organic nitrogen pools: a litter pool, a humus pool comprising more stable organic matter and a faeces pool containing added manure. Only NO 3 -is considered as transportable with the water moving in the soil profile, while NH 4 + and organic nitrogen pools are regarded as immobile. The macropores are considered as rapid transport pathways in which nitrogen transformation is assumed to be negligible (Larsson & Jarvis, 1999) . The nitrate exchange between the macropores and micropores is controlled by both diffusion and convection (Jarvis, 1994) , where the degree of interaction between the two pore domains is strongly affected by a diffusion path length, reflecting an effective aggregate half-width. With the diffusion path length set to 1 mm, the equilibrium between the two pore domains will be simulated (i.e. the effect of the macropore flow and transport will be neglected), and with the larger values, the influence of soil structure and macropore flow will be reflected (Jarvis, 1998) .
To adjust the MACRO and SOILN models to the watershed scale, some procedures have been added. The differences between the small homogeneous fields and the heterogeneous watersheds are quite significant. Various types of land cover and soils can be included by dividing the watershed into subareas with similar land cover and soil. The zone of aeration extends from the surface to the water table. It is usually thin in areas located close to permanent streams, and quite thick in areas located far from streams and especially on hills. The soil profile with a thin zone of aeration will be saturated very quickly and will start producing surface runoff. Conversely, the soil profile with a thick zone of aeration needs much more water for saturation and very rarely produces surface runoff. The various thicknesses of the zone of aeration within a watershed contribute to water flow and nitrate yield each according to their areal fractions of the watershed. The quantity and quality of water fluxes from the fractions are calculated with the MACRO and SOILN models and the results are aggregated to represent the entire catchment.
The discharge at the watershed outlet depends on the performance of its river system. The larger the watershed, the more time is needed for water to reach the outlet. This leads to differences in the time lags between water flows to the outlet of a small field and to the outlet of the whole watershed. The time lag may vary from several hours for small watersheds with areas of several square kilometres to several days for watersheds with areas of several thousands, and weeks for watersheds with areas of several hundreds of thousands square kilometres. Moreover, the river system usually acts as a chain of reservoirs that smooth variations in water flow and quality. Therefore, it is necessary to include the description of the processes in the river system in the model.
For this reason, the MACRO and SOILN models can be used on the watershed scale under the consideration of: (a) taking into account the different soil profiles over a watershed, and (b) taking into account processes in the river system.
Taking into account different soil profiles
Let the watershed be divided into N typical fields. Daily water runoff from each typical field is calculated by the MACRO model. The MACRO model works with the soil profile and therefore the term "typical profile" will be used here as the soil profile of a typical field. Inflow into the river system from the whole watershed represented by N typical fields (typical profiles), I t , is calculated by:
where t is time (days), I i,t is water flow from the area represented by the ith typical soil profile at time t (in mm depth per day), and k i is the dimensionless coefficient representing areal fraction occupied by the ith soil profile.
One way to find the coefficients k i in equation (1) is to use the measured thicknesses of the zone of aeration and disaggregate the watershed into areas represented by the N various soil profiles. However, due to the lack of information on the thickness of the zone of aeration one has to use measured water flow. Consider a way of using the measured water flow for this purpose. Water runoff simulated by MACRO for each of N typical fields allows one to find periods when only flow from one field dominates (for example, after long time without rainfall, only the areas with thin zone of aeration will produce runoff during the next rainfall event). In this case, at the outlet of the watershed the total water flow caused by this rainfall will be: 
where Q t,obs is water discharge observed at the outlet of the watershed (m 3 s -1 ); Tb, Te, T1b, and T1e are the time of the beginning and end of the reaction to the rainfall at the outlet of the watershed and typical field 1, respectively; and a is a coefficient for transformation of mm depth per day into m 3 s -1 (= F/86400/1000, where F is watershed area in m 2 and 86 400 is the number of seconds in 24 h). Knowing Q t (which is measured) and I 1t (simulated by MACRO), one can calculate k 1 . Then one may find rainfall events for which runoff is produced by area 1 and a second area, which is saturated enough to produce runoff: 
Now one can calculate k 2 . In the same way, it is possible to find coefficients for all N typical fields. This method is reliable because it is based on analysis of hydrographs, but it takes much time. Automatic optimization is an other way to find k i using the objective function:
where b and e indicate the beginning and end of the time series used for optimization; and Q t,obs , Q t,sim are observed and simulated water discharge at the outlet of the watershed (m 3 s -1 ). The value of Q t,sim is calculated on the basis of inflow into the river system (equation (1)), using a routine to describe the transformation of it during travel to outlet of the watershed. Thus, a routine is needed for the calculation of the water movement in the river system.
Water movement in the river system
Inflow at any point in the watershed travels a certain distance to reach the outlet of the watershed. During this travel it undergoes changes caused by channel storage. The transformation undergone by the inflow is due to (a) translation effect and (b) storage effect, consisting of time lag and shape modification (Singh, 1988) . Linear models often produce satisfactory results for calculation of this transformation (Singh, 1988) . Vassiljev (1989) compared the results from a linear model with those from applying the St Venant equations. It was shown that both approaches had the same precision in common simple cases (without backwater effect or other complex phenomena). Therefore, in many cases, the linear model is preferred and the linear river routing model was used in this investigation. The linear model for water movement is:
where Q t is water discharge at the watershed outlet at time t, I is water inflow to the river system, and is the consecutive number of the ordinate of the response function (from 1 to M, and h is the ordinate of the response function.
The response function h represents the response of the river system at the watershed outlet to one unit inflow occurring at a uniform rate during a unit period of time. The approach was proposed by Sherman (Sherman, 1932) and has since been widely used in applied hydrology.
The response function h may be approximated by some function with, preferably, a low number of parameters, and standard optimization procedures may be used to find these parameters. The representation of the response function suggested by Kalinin & Miljukov (1957) was used, which is described as: 6) where (n) is a gamma function, and n and r are parameters.
Water discharge at the watershed outlet represented by areas with different soil profiles is calculated using the response function by:
Now one can calculate the objective function OF and, consequently, obtain coefficients k i using an optimization procedure.
RESULTS AND DISCUSSION
The MASONW model was tested for the watershed of the River Odense in Denmark. This river was selected because of the availability of a long sequence of high frequency nitrogen concentration measurements (daily values from 1987 to 1996). The Table 1 ) and water discharge observed in the River Odense.
watershed area of this river is 496 km 2 , and agricultural land occupies approximately 90% of the total area. Soil characteristics were assumed close to those of clay soils (Refsgaard et al., 1999) . According to equation (1), the total water inflow into the river system is the sum of runoffs from the areas with different soil profiles. Water flows were calculated for five different soil profiles (Table 1) . Figure 1 shows hydrographs obtained using the MACRO model for two soil profiles A and E (see Table 1 ). It can be seen from Fig. 1 that neither of the two profiles can represent the watershed alone and that one needs to use a combination as given in equation (1) of various soil profiles from Table 1. Figure 1 also reflects the fact that the MACRO model simulates water flow on the field scale and does not calculate movement of water along a river system. That is why the calculated maximum flow in Fig. 1 appears earlier than the observed value. Furthermore, the calculated graph is not so smooth as the observed one. This is considered to be due to the influence of the river system, which is, in reality, a system of reservoirs, smoothing the variations of water flow. This effect and time lag will be taken into account by the response function in the further calculations.
A part of precipitation falls directly onto the river (category F in Table 1 ). The area WA of the river net can be estimated from topographic maps, or can be included as a parameter. The baseflow was assumed to be constant in this investigation and was also evaluated by optimization.
After adding baseflow into equation (7) and, taking into account the precipitation falling directly onto the surface of the stream, one obtains:
where P is precipitation (mm), and WA is the share of watershed area occupied with the streams (fraction of one).
Thus, nine parameters are available for the optimization of the model: five for the areas represented by the various soil profiles, k i ; one for the area of the river system, WA; two for response functions n and r; and one for the baseflow, Q b . Solver procedures from Microsoft Excel were used to evaluate the parameters by minimizing the objective function, OF.
The time series divided into two parts. The first part (1991) (1992) (1993) was used to calibrate the model. The second part (1994) (1995) (1996) was used for validation, i.e. the parameters obtained by calibration on the first part of series were used in the calculations for the second half of series, to verify the model performance on independent data. The efficiency of the model was evaluated according to the formula used by Loague & Green (1991) : Table 2 shows the coefficients obtained during calibration of the model. The efficiency of the model for the first half of the time series (calibration part) equals 0.92. The efficiency for the second half of the time series (validation part) equals 0.90. Figure 2 shows the comparison of the observed and simulated hydrographs for the period 1993-1995. One can see that the calculated discharge coincides quite well with the measured value. As follows from Table 2 , the share of all runoff-producing areas is equal to 81%. It is not equal to 100% partly because there are sub-areas, which do not produce water flow. High efficiency of the model shows that MASONW describes water flow quite well and may be used for the watershed scale. The water flow simulated by the MACRO model was used to calculate the concentrations of nitrogen. The modelling of nitrogen concentration was performed using the same categories of the soil profiles (see Table 1 ) with the SOILN model adjusted for use in the case of dual-porosity soil profile (Larsson & Jarvis, 1999) . The fertilization rate was 140 kg ha -1 year -1 . The simulations were performed both with and without the macropore flow. The macropore flow was eliminated by setting the diffusion path length, d, to 1 mm, whereas in the simulations accounting for macropore flow a value of 20 mm was used. Other parameters were taken as default values for clay soils. Figure 3 shows a comparison of concentrations calculated with and without macropore effects for soil profile C. The dynamics properties of the time series of concentrations calculated with macropores are closer to the observations. 
where c t is concentration at the watershed outlet (g m -3 ), c i,t is concentration at the outlet of the ith typical field, and c b is concentration in baseflow. Coefficients k i ,h,a were the same as in equation (8). The concentrations at the watershed outlet are estimated by dividing the flow of nitrates (equation (10)) by water discharge, Q t .
The concentration in precipitation c p was assumed to be 1 g m -3 . The concentration in baseflow was assumed to be 3 g m -3 . These values correspond to average conditions. The efficiency of the model according to equation (9) is 0.65. Figure 4 shows the results for the period 1993-1995. 
CONCLUSIONS
-The MASONW model showed a high efficiency for simulating water flow at the watershed scale. Both the volume and the details of temporal distribution of the simulated water flow were satisfactory. -The results received for nitrate concentrations were also good. Thus, the model can be used for the simulation of nitrogen leaching at the watershed scale using models MACRO and SOILN developed for the field scale. -Better results may be obtained by a modification of the conditions on the lower boundary in order to receive better dynamics of baseflow instead of the constant baseflow.
